Nondegenerate optical parametric ampli ers can be used to simultaneously phase-conjugate and amplify a pulse in a nonlinear optical ber. The gain in the ampli ers compensates the linear loss in the ber, while the phase-conjugation e ectively neutralizes second-order dispersion, self-phase modulation, the Raman self-frequency shift and the Gordon-Haus jitter. If the remaining thirdorder and nonlinear dispersion balance, soliton-like pulses are able to propagate with sub-picosecond pulse widths.
The use of optical phase conjugation for the compensation of the e ects of chromatic dispersion on a linear pulse was rst proposed by Yariv et al., 1 who showed that a single phase conjugation at the ber midpoint will reverse any accumulated dispersive e ects during the subsequent pulse propagation. Similarly, selfphase modulation is compensated by midpoint optical conjugation. 2 These results can be easily understood in terms of the nonlinear Schr odinger (NLS) equation for the pulse envelope, for which phase conjugation corresponds to reversing the direction of propagation.
It has recently been shown that midpoint optical phase conjugation is e ective in optical soliton transmission systems to compensate for soliton-soliton interactions, 3;4 Gordon-Haus jitter, 3;4 and the Raman self-frequency shift. 5 If the pulse is frequently ampli ed to balance the linear ber loss, propagation will occur in the guidingcenter soliton regime, 6 and the propagation reversing property of optical conjugation for NLS solitons can be used to show that distortion of the pulse is compensated by a single conjugation.
In this Letter we propose periodic phase conjugation with ampli cation of optical pulses. Pulses ampli ed by four-wave mixing with gain, as recently demonstrated by Zhou et al., 7 are simultaneously ampli ed, phaseconjugated, and frequency converted. We consider periodic lumped ampli cation and conjugation of a pulse with carrier frequency ! 0 and nominal spectral width !. At an ampli er, the pulse is frequency converted about the pump frequency ! 0 ? (where !) so that a frequency component at ! 0 + ! is converted to ! 0 ? 2 ? !; the pulse is then converted back at the next ampli er. For the purposes of this Letter, we ignore the variation of the ber parameters with frequency and therefore assume that the pulse spectrum is centered about the carrier frequency ! 0 throughout. Unlike midpoint conjugation, the periodic conjugation occurs on a lengthscale which is short compared to the loss length, and pulse propagation no longer occurs in the guidingcenter regime.
We concentrate on short pulses, for which third-order dispersion, nonlinear dispersion (self-steepening) and Raman scattering become important. For such pulses, the basic envelope evolution equation is (1)
Here Z is the physical distance divided by the dispersion length Z 0 , T is the physical time divided by the pulse width (FWHM), and q is the eld envelope divided by the peak-eld amplitude E 0 . The normalized linear loss in the ber is given by , and the higher-order coe cients are given by 7 r = 1:76T r ; 3 = ? 1:76k 000 6jk 00 j ; nl = 2 1:76
where T r is the Raman time constant, and k 00 and k 000 are the second and third order dispersion coe cients, respectively. We consider short pulses ( = 0:5 ps) at a wavelength of 1.55 m.
Since the pulse is periodically conjugated, we also consider the conjugate equation, Eq. (1) with q ! q and Z ! ?Z, so the conjugation reverses the direction of propagation of the pulse. Any pulse evolution due to self-phase modulation, secondorder dispersion and Raman scattering which occurs between one pair of ampli ers will be reversed as the pulse travels between the next pair. The e ects of these terms can accumulate at most over a single ampli er spacing, not over the entire propagation distance, so they are compensated by the periodic conjugation.
Periodic conjugation also compensates for the GordonHaus jitter, which is the largest source of timing jitter when erbium-doped ampli ers are used. Ampli erinduced frequency noise causes a mean-square inverse velocity shift in the solitons that is converted to timing jitter as the pulse propagates. If this shift is uncompensated, the timing jitter accumulates over the total propagation length, L, and the mean-squared timing jitter is proportional to the cube of the propagation length, 8 h t 4) where Z a is the ampli er spacing and h 2 i is the noiseinduced mean-square inverse velocity shift. This sets a limit on the propagation length, since large timing shifts will lead to bit errors when a pulse leaves its timing window.
With periodic phase conjugation, however, the most the shift can accumulate is a single ampli er spacing, so the mean-square timing shift from the Gordon-Haus jitter increases linearly with the propagation length:
Thus, in the absence of other e ects, periodic phase conjugation greatly reduces the Gordon-Haus jitter; this result is similar to that for sliding-guiding lters 9 or phasesensitive ampli ers. 10 By comparison, a single optical conjugation reduces the Gordon-Haus jitter by a factor of two or three, depending on whether the conjugation is done at the midpoint or the two-thirds point of the ber. 4 To illustrate the e ects of the higher-order dispersions and the linear ber loss, we present numerical simulations of the evolution of a hyperbolic secant initial pulse with = 0:5 ps over 500 dispersion lengths. We choose low dispersion and low loss ber, appropriate for short pulse propagation: 11 k 00 = ?0:1 ps 2 =km, so that the dispersion length is Z 0 = 0:807 km, and a loss coe cient of 0.15 dB/km, so that the 3 dB loss length is 20 km. We also include the Raman term with T r = 5 fs. All gures were generated by integrating Eq. (1) with periodic phase-conjugating ampli ers with the ampli er spacing equal to the dispersion length, i.e. Z a = Z 0 .
We rst consider a lossless line, = 0, and consider the third-order and nonlinear dispersions separately. Fig. 1a shows the pulse evolution with 3 = ?2:89 10 ?3 (corresponding to k 000 = 4:93 10 ?4 ps 3 =km) and nl = 0. Since the second-order dispersion and self-phase modulation are compensated by the periodic conjugation, the evolution is nearly identical to a solution of the linear, third-order dispersion equation @q @Z = ? 3 @ 3 @T 3 q: (6) Without the nonlinearity or second-order dispersion, third-order dispersion dominates the evolution, and the pulse continuously loses energy to dispersive radiation. (7) In this case the self-steepening dominates, causing the pulse to split as it evolves down the ber.
These two examples show that the periodic conjugation neutralizes the e ects of the second-order dispersion, the self-phase modulation, and the Raman scattering. The compensation is not exact, however, since the higher-order terms perturb the shape of the pulse. This interaction is minimized in this example because the initial condition is an NLS soliton, and the second-order dispersion and self-phase modulation balance between the ampli ers. A di erent initial condition would have a varying pro le between ampli ers, enhancing the interaction between the higher-order terms and the secondorder dispersion and self-phase modulation. Choosing an NLS soliton as the initial condition allows the secondorder dispersion and self-phase modulation to be compensated on average.
Consideration of Eqs. (6) and (7) leads us to believe that the third-order and nonlinear dispersion can be balanced to give higher-order soliton solutions. It is well known that the modi ed Korteweg-de Vries equation, 
which is a complex form of Eq. (8), approximately describes the average pulse evolution. As has been noted previously, 6;12 choosing nl = 2 3 results in the proper balance of third-order and nonlinear dispersion for soliton solutions. This requires k 000 < 0; such bers have been recently studied. 13 Fig. 2 illustrates how this balance restores the solitary wave propagation. It should be noted that the parameters in Fig. 2 are the same as those used in Fig. 1 with the exceptions that the thirdorder and nonlinear dispersions are both included and the sign of the third-order dispersion is reversed. This parameter balance was chosen to preserve the amplitude/width ratio of the original soliton solution. It is important to remember that the second-order dispersion and self-phase modulation are only compensated in an averaged sense; these terms interact with the higherorder terms during pulse propagation. By choosing the pulse amplitude so that the second-order dispersion and self-phase modulation maintain the original soliton propagation between ampli ers, interactions between these terms and the higher-order terms are minimized. Numerical results indicate that an exact balance between the third-order dispersion and the nonlinear dispersion is not necessary, however; stable pulse propagation appears robust to perturbations of up to 25% in the ber parameters and the initial waveform.
The last term we consider is the linear ber loss. Loss of 0.15 dB/km results in a 3 dB loss length of 20 km and = 0:0139. The pulse is ampli ed frequently over one loss length (since Z a =Z 0 ), so the e ect of the loss on the balanced pulses is minimal, as seen in Fig. 2b . Since the main e ect of loss is to distort the pulse shape between ampli ers, we expect that e ect of loss will be greatly reduced through the use of dispersion-decreasing or stepwise dispersion-pro led ber. 14 Work to understand the perturbations induced by the loss and to incorporate the e ects of ampli er noise is underway.
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